A novel human cellular structure has been identified that contains a unique autoimmune antigen and multiple messenger RNAs. This complex was discovered using an autoimmune serum from a patient with motor and sensory neuropathy and contains a protein of 182 kDa. The gene and cDNA encoding the protein indicated an open reading frame with glycine-tryptophan (GW) repeats and a single RNA recognition motif. Both the patient's serum and a rabbit serum raised against the recombinant GW protein costained discrete cytoplasmic speckles designated as GW bodies (GWBs) that do not overlap with the Golgi complex, endosomes, lysosomes, or peroxisomes. The mRNAs associated with GW182 represent a clustered set of transcripts that are presumed to reside within the GW complexes. We propose that the GW ribonucleoprotein complex is involved in the posttranscriptional regulation of gene expression by sequestering a specific subset of gene transcripts involved in cell growth and homeostasis.
INTRODUCTION
Historically human autoantibodies have been used to discover, identify, and understand the function of novel cellular constituents and macromolecules (Tan, 1991; von Muhlen and Tan, 1995) . For example, small nuclear ribonucleoproteins (snRNPs) and the spliceosome were initially elucidated through the use of human autoantibodies (Lerner and Steitz, 1981; Tan, 1991) . In addition, a number of unique nucleolar (Reimer et al., 1987) , Golgi complex (Chan and Fritzler, 1998) , and endosome (Waite et al., 1998; Selak et al., 1999) proteins have been identified using human autoantibodies.
Several known autoantigens such as SS-A/Ro, SS-B/La, Sm, Hu, and Nova bind distinct RNAs and, in concert with other proteins, form macromolecular complexes that are key components of gene expression at multiple levels including transcription, translation, transport, and stability (Keene, 1999; Brennan and Steitz, 2001; Keene, 2001; Musunuru and Darnell, 2001 ). Proteins associated with mRNA are of interest because it is thought that messenger ribonucleoproteins may be involved in stabilizing, degrading, or in regulating translation of the mRNAs upon exit from the nucleus (Brennan and Steitz, 2001; Keene, 2001) . One of the approaches to identification of proteins involved in mRNA processing, referred to as ribonomics, involves biochemically or immunologically recovering protein/RNA complexes, followed by microarray analysis to determine their structural and functional relationships (Tenenbaum et al., 2000) . Using this approach, some of the mRNA subsets and profiles have been deciphered for proteins such as eIF-4E, PABP, and ELAV/Hu (Tenenbaum et al., 2000) as well as Fragile X Mental Retardation RNA-binding protein (FMRP; Brown et al., 2001) . It has been proposed that the expression of structurally related mRNAs is coordinated by multitargeted RNA binding proteins in order to regulate complex processes (Keene, 2001) . It is not known whether expression of certain clustered mRNAs might be coordinated and if multiple mRNAs reside together within a physical particle (Keene, 2001) .
Recombinant Protein Production and Generation of Rabbit Antibody
The cDNA insert from clone 5.1 was subcloned into the expression vector pET28 (Novagen, Madison, WI) and transformed to Escherichia coli JM109(DE3) for recombinant protein production. The Nterminal 6ϫ histidine fusion recombinant protein from 1-liter culture was purified using Ni 2ϩ affinity chromatography (QIAGEN, Valencia, CA) by following the manufacturer's instructions. Two New Zealand White female rabbits were immunized by subcutaneous injections of 0.5 mg of the purified protein in an equal volume of Freund's complete adjuvant (Difco Laboratories, Detroit, MI; Fritzler et al., 1995) . After 4 weeks, the animals were boosted with 0.5 mg of the same recombinant protein in Freund's incomplete adjuvant (Difco). Preimmune rabbit sera before immunization and sera obtained after the booster injections were analyzed by immunoprecipitation and immunofluorescence. The postimmune rabbit serum was referred to a rabbit-anti-GW182p, where p is the antibody raised to the partial length protein of GW182.
Cell Labeling and Immunoprecipitation
HeLa cell (ATCC, Rockville, MD) extracts were prepared after incubation of cells overnight in the presence of either [
32 P]orthophosphate (ICN Biomedicals, Costa Mesa, CA) or [
35 S]methionine (Trans 35 S label; ICN) as previously described (Chan et al., 1986; Bestagno et al., 1987; Chan and Tan, 1987) . The lysis buffer (10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1.5 mM MgCl 2 , 1.0% Nonidet P-40) was supplemented with Complete protease inhibitor cocktail (Boehringer Mannheim, Indianapolis, IN). Immunoprecipitation (IP) reactions were prepared by combining 100 l 10% protein A-Sepharose beads (catalogue no. P-3391; Sigma, St. Louis, MO), 10 l human serum, 500 l NET2 buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 5 mM EDTA, 0.5% Nonidet P-40, 0.5% deoxycholic acid, 0.1% SDS, 0.02% sodium azide), and 50 -100 l of labeled cell extract. After 1 h of incubation at 4 -8°C, the Sepharose beads were washed five times in NET2, and the proteins were eluted in 10 l of sample buffer (Laemmli, 1970) . The proteins were analyzed by 10 or 12.5% SDS-PAGE (Laemmli, 1970) as described. RNA-protein complexes were immunoprecipitated, and the purified RNA was analyzed by autoradiography after removal of proteins with phenol/chloroform and precipitation with isoamyl alcohol. The proteins were analyzed on a 10% gel SDS-PAGE, and RNA was analyzed in 7 M urea gels containing 10% ployacrylamide.
Immunoprecipitation of mRNP Complexes
HeLa S3 cells ( catalogue no. CCL-2.2; ATCC) were grown in suspension to a confluence of approximately 1 ϫ 10 6 /ml. After centrifugation, the cells were washed with cold PBS and resuspended in approximately two pellet volumes of polysome lysis buffer containing 100 mM KCl, 5 mM MgCl 2 , 10 mM Hepes, pH 7.0, and 0.5% Nonidet P-40. One millimolar DTT, 100 units/ml RNase OUT (GIBCO/BRL, Rockville, MD), 0.2% vanadyl ribonuclease complexes (GIBCO/BRL), 0.2 mM PMSF, 1 mg/ml pepstatin A, 5 mg/ml bestatin, and 20 mg/ml leupeptin were added at the time of use. The resuspended cells were incubated on ice for 5 min and then frozen and stored at Ϫ100°C. At the time of use the cell lysate was thawed and centrifuged at 16,000 ϫ g in a microfuge for 10 min at 4°C. The supernatant from the cell lysate typically contained approximately 30 mg/ml total protein.
IP reactions were performed essentially as described by Tenenbaum et al. (2000) . Protein A-Sepharose beads were swollen 1:5 vol/vol in NT2 buffer containing 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM MgCl 2 , 0.5% Nonidet P-40 supplemented with 5% BSA. A 300-l aliquot of the 1:5 vol/vol preswollen protein A bead slurry was used per IP reaction and incubated overnight at 4°C with excess immunoprecipitating anti-GW182 antibodies (typically 10 -20 l depending on the titer of the reagent). The antibody-coated beads were washed with ice-cold NT2 buffer and resuspended in 900 l of NT2 buffer supplemented with 100 units/ml RNase OUT, 0.2% vanadyl ribonuclease complex, 1 mM DTT, and 20 mM EDTA. The beads were briefly mixed, and then 100 l of the cell lysate containing mRNPs was added and immediately centrifuged. A 100-l aliquot was removed and used to represent total cellular mRNA. The IP reactions were tumbled at room temperature for 2 h and then washed six times with ice-cold NT2 buffer. Washed beads were resuspended in 100 l NT2 buffer supplemented with 0.1% SDS and 30 g proteinase-K and incubated for 30 min in a 55°C water bath. The immunoprecipitated mRNA was isolated by phenol-chloroform-iso-amyl alcohol extraction and ethanol precipitation. a nylon membrane. Probing of cDNA arrays was performed as described in the CLONTECH Atlas cDNA Expression Arrays User Manual (PT3140-1). Briefly, total RNA or GW-associated RNA was isolated and used to produce [␣- 32 P]dATP reverse-transcribed radiolabeled probes using a pooled set of primers complementary to the genes represented on the cDNA array. The radiolabeled probes were purified by passage over CHROMA . Radiolabeled probes were hybridized to the cDNA array membranes according to the manufacturer's directions and then washed and visualized using a phosphorimaging screen (Molecular Dynamics, Sunnyvale, CA).
Analysis of cDNA Arrays
Phosphorimages were scanned by using the Molecular Dynamics STORM 860 System at 100-m resolution and stored as .gel files. Images were analyzed by using ATLASIMAGE 2.1 software (CLONTECH). A default external background setting was used in conjunction with a background-based signal threshold to determine gene signal significance. The signal for a gene was considered significantly above background if the adjusted intensity (total signal minus background) was more than twofold the background signal. Comparisons of multiple cDNA array images were performed by using an average of all of the gene signals on a specific array (global normalization) to normalize the signal intensity between arrays (Tenenbaum et al., 2000) . cDNA array images and overlays were prepared by using Adobe Photoshop 5.0.2 (Adobe Systems, San Jose, CA).
In Vitro Transcription/Translation and Immunoprecipitation
Clone 5.1 and the full-length GW182 construct were used as templates for in vitro transcription and translation (TnT; Promega, Madison, WI) in the presence of [
35 S]methionine (Fritzler et al., 1995; Griffith et al., 1997) . TnT reactions were conducted at 30°C for 1.5-2 h. To confirm the presence of translation products, 2-to 5-l samples were fractionated by SDS-PAGE and analyzed by autoradiography. The in vitro translated products were then used as the substrate in IP reactions, as described above.
Indirect Immunofluorescence
Indirect Immunofluorescence (IIF) analyses used commercially prepared HEp-2 cells (ImmunoConcepts, Sacramento, CA) with fluorescein-conjugated goat anti-human antibodies as previously described (Fritzler et al., 1993) . For colocalization studies primary antibodies to the following proteins were used: golgin-97 (murine monoclonal cdf4; Griffith et al., 1997) , p58 (murine monoclonal, a gift from Dr. Tom Hobman, University of Alberta), TGN38 (murine monoclonal; Affinity Bioreagents, Golden, CO), clathrin heavy chain (murine monoclonal; Transduction Laboratories, Lexington, KY), rab9 (murine monoclonal, Affinity Bioreagents, Golden, CO), PMP70 (murine monoclonal; Zymed, San Francisco, CA), LAMP1 (murine monoclonal; Drs. August and Hildreth, Pharmacology and Molecular Sciences, John Hopkins University School of Medicine, Baltimore, MD), EEA1 (rabbit polyclonal antibody; Selak et al., 1999) , cullin-1 (rabbit polyclonal antibody; NeoMarkers, Fremont, CA), caveolin (rabbit polyclonal antibody, Transduction Laboratories), and p19 skp1 (rabbit polyclonal antibody; NeoMarkers). IIF used a Leica confocal microscope fitted with the appropriate filter sets for rhodamine, FITC, and DAPI. Images were taken at 1-m increments.
Immunogold Electron Microscopy
HeLa cells were grown in log phase, removed from the flask by gentle scraping, and fixed for 1.5 h in ice-cold 4% paraformaldehyde and 0.025% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4. After fixation, free aldehydes were quenched in 50 mM glycine in 0.1 M phosphate buffer. The cells were then resuspended in warm 7.5% gelatin in PBS in microfuge tubes for 10 min and then pelleted at 10,000 rpm for 1 min. The tubes were placed on ice, and the solidified gelatin pellets were removed, transferred to an ice-cold 50 mM glycine solution, cut into small cubes, and then transferred to 2.3 M sucrose in 0.1 M phosphate buffer at 4°C. Each block of tissue was placed on a cryo pin-head, excess sucrose solution was removed, and the pin was immersed and stored in liquid nitrogen. Thin sections (ϳ100 nm) were cut using glass knives and picked up in wire loops dipped in a mixture of methylcellulose and sucrose. The sections were placed directly onto carbon-coated 200-mesh nickel grids. Each grid was processed on individual droplets of the following solutions at room temperature: 50 mM glycine, 10% fetal calf serum (FCS) in PBS, primary antibody diluted 1/400 in 10% FCS, washed in 0.2% FCS, incubated in protein A tagged with 10 nm gold (Dr. J. Slot, University of Utrecht), washed in PBS, fixed in 1% glutaraldehyde in PBS, washed in double-distilled H 2 O, and contrasted in uranyl oxalate (pH 7). Individual grids were then picked up in ice-cold uranyl acetate/methyl cellulose (pH 4) mixture using copper wire loops that were then blotted with filter paper to remove excess solution. The grids were then allowed to dry overnight before examination on a Philips CM-100 transmission electron microscope (Mahwah, NJ). Controls included normal incubation with protein A-gold alone, normal human serum, and rabbit antibodies to the Golgi protein, giantin (Lindstedt and Hauri, 1993) .
Transfection of HEp-2 Cells with GFP-tagged GW182 cDNA
The XhoI/SacII cDNA fragment derived from EST clone KIAA1460 was subcloned into the corresponding sites of the phrGFP-N1 expression vector (Stratagene, La Jolla, CA) and the in-frame fusion of GFP to GW182 fragment was verified by direct nucleotide sequencing. HEp-2 cells were grown in 8-well chamber slides to 50% confluency and transfected with 2 g GFP-fusion in 100 l of serumfree media and 6 l of FuGENE 6 (Roche, Laval, PQ, Canada). After incubation at room temperature for 45 min, this mix was added to HEp-2 cells and incubated for 3 h at 37°C. The media was then replaced with serum containing media and cultured for 41 h at 37°C. The cells were fixed with ice-cold acetone-methanol (3:1 vol/vol), and immunofluorescence was performed as described above. As a control, cells were transfected with the phrGFP-N1 vector alone.
Northern Blot Hybridization
Northern blot analysis was performed using a Multiple Human Tissue blot (catalogue no. 7760 -1; CLONTECH). A 1.4-kb ClaI/ EcoRI fragment of clone 5.1 was gel-purified and labeled with [␣- 32 P]dATP using a random 9-mer kit (catalogue no. 300385; Stratagene). ␤-Actin cDNA (CLONTECH) was used as a control. The probes were purified on size exclusion columns (Stratagene), and the hybridization reactions were carried out according to the manufacturer's instructions.
The GenBank accession number for GW182 is AY035864.
RESULTS

GW182 Is Localized to Cytoplasmic Speckles
One of the original interests in the prototype serum was its distinctive staining of HEp-2 cytoplasmic bodies. We sought the identity of these structures by using appropriate markers and reagents for cytoplasmic organelles and vesicles in colocalization reactions with the index human serum ( Figure  1 ). The staining obtained with the index human serum did not colocalize with the Golgi compartments, as determined by studies that used antibodies to golgin-97 ( Figure 1A ; Griffith et al., 1997) and the marker of the ER/Golgi intermediate compartment p58 (Lahtinen et al., 1996; Figure 1B) or TGN38, a marker for the trans-Golgi network (TGN38; our unpublished results; Luzio et al., 1990) . Brefeldin, a fungal toxin known to rapidly dissociate the Golgi complex (Orci et al., 1991) did not affect the morphology, size, or number of these structures (our unpublished results). The staining did not colocalize with clathrin-coated vesicles (Figure 1C) , with the early endosomal protein EEA1 ( Figure 1D ; Mu et al., 1995; Selak et al., 1999; Lawe et al., 2000) , with the late endosomal protein rab9 (Lombardi et al., 1993 ; Figure  1E ), with the peroxisome membrane protein PMP70 ( Figure  1F ; Kamijo et al., 1990) , with LAMP1 ( Figure 1G ), a lysosome marker (Fukuda et al., 1988) , or with caveolin (our unpublished results; Conrad et al., 1995; Song et al., 1995) . Last, antibodies to ubiquitin ligases, cullin-1 (Kipreos et al., 1996; Lisztwan et al., 1998) 
and p19
Skp1 (Zhang et al., 1995; Bai et al., 1996; Connelly and Hieter, 1996) , members of the SCF family of ubiquitin ligases (for Skp1, Cdc53/Cullin, F-box receptor; Feldman et al., 1997; Skowyra et al., 1997) , did not colocalize with these structures either (our unpublished results). To ensure that the method of fixation had not influenced the staining pattern, we compared methanol/acetonefixed cells with cells fixed in 4% paraformaldehyde/Triton X-100 and found no differences as determined by IIF staining of HEp-2 cells (our unpublished results).
Cloning of GW182
The cDNA clone designated clone 5.1 isolated from screening the HeLa cDNA expression library with serum the index human serum was 1.6 kb in length and upon conceptual translation encoded a protein of ϳ550 amino acids ( Figure  2) . Analysis of the coding region using BLASTN revealed several cDNA clones with high similarity to clone 5.1 (Table   1) . Interestingly, one human EST clone (KIAA1460; GenBank accession no. BAA95984) had 99% sequence identity to clone 5.1 and represented a longer cDNA in both the 5Ј and 3Ј ends. However, KIAA1460 also appeared to be incomplete because an upstream methionine start site was absent. Analysis of the sequences obtained from the Human Genome Project using BLASTN identified two clones corresponding to upstream sequences (GenBank accession nos. AC008731 and AW857733; Figure 2 ). We postulated that these overlapping clones encompassed the entire coding region for GW182.
To confirm that the conceptual full-length construct was correct, a primer set was designed for PCR using HeLa cDNA or genomic DNA. The forward primer was designed at the beginning of the coding region, and the reverse primer was derived from clone 5.1 (Figures 2 and 3) . Our results showed that the PCR generated a predicted fragment of ϳ1.5 kb (our unpublished results) that was excised and confirmed by direct DNA sequencing analysis. Thus, the full-length protein has 1709 amino acids with a predicted molecular weight of 182 kDa and a calculated pI of 6.15.
Characteristics of Clone 5.1 and the GW182 Protein
Using the molecular software tools on the ExPASy website, the full-length protein GW182 had several interesting characteristics, including a potential nuclear localization signal (NLS), an RNA recognition motif (RRM; see boxes in Figure  3) , and contained 11.2% glycine and 15.8% serine residues. Throughout the protein there were 60 (3.5%) tryptophan residues (circled in Figure 3 ), 39 of which are adjacent to glycine residues; exceptions are the RRM and a region labeled as "non-GW" in Figure 3 . Many of the tryptophans are in regions that appear to be repetitive and are comprised primarily of glycine/tryptophan (GW) or tryptophan/glycine repeat (WG) amino acid sequences and less often by a variation when tryptophan was followed by another amino acid other than glycine (Figure 3 ). Of the 39 glycine/tryptophan units, there are 19 GWs, 28 WGs, and 8 GWGs. Although the significance of these repeats is not known, on the basis of this unusual motif and its predicted molecular mass of 182 kDa, we have elected to name the protein GW182 and the associated cytoplasmic structures as GW bodies (GWBs).
Analysis of the Human Gene for GW182
Analysis of the human genomic sequence (GenBank accession no. AC008731), which was detected by BLASTN search Figure 2 . A representation of the 5.1 cDNA derived from expression cloning, the EST clone KIAA1460 (GenBank accession no. AB040893), the overlapping genomic fragment AC008731, and EST AW857733 whose combined sequences represent the predicted fulllength clone of the GW182 protein. The upstream region was verified using primers 1 and 2, in the predicted 5Ј-UTR and in the clone 5.1 using HeLa mRNA. Solid boxes represent open reading frame. The full-length protein is 1709 aa and 182 kDa in size. . Human GW182 cDNA and deduced amino acid sequence. The sequence has been submitted to the GenBank under accession no. AY035864. Potential translation start sites (double underlined) and upstream in-frame stop codon (TGA, underlined) are indicated. The GW182 protein consists of 1709 amino acids with a putative nuclear localization signal (NLS; aa 918 -937) and RNA recognition motif (RRM; aa 1528 -1600) outlined in boxes, respectively. The GW182 protein is rich in tryptophan residues (W, circled), which are often adjacent to glycine (G). Two regions with repeats of GW or WG in tandem are highlighted in bold and double underlined. The region lacking GW is also bracketed. In addition the primers used to amplify the upstream region of the GW182 are shown. Exon-intron junctions and the exact positions of the cDNA clones are indicated.
Cytoplasmic mRNA Binding Protein GW182
Vol. 13, April 2002using the cDNA sequence of GW182, revealed the complete gene structure (Figure 4 ). The gene has 22 exons, is ϳ46 kb long, and resides on chromosome 16p12. Analysis of human and mouse EST clones from BLASTN search revealed at least two clones that are missing exon 10 at the exact sites predicted for the exon-intron junctions (Table 1) . This suggests that alternative products derived from mRNA splicing of GW182 gene exist. The exon-intron junctions of the human GW182 gene are summarized in Figure 4 .
GW182 Protein
The predicted molecular weight of GW182 was verified by IP using extract of [ 35 S]methionine-labeled HeLa cells and the index human serum ( Figure 5A ). The index human serum immunoprecipitated two predominant proteins of ϳ180 and 50 kDa. The 180-kDa protein is also specifically precipitated by other human autoimmune sera with a similar staining pattern on HEp-2 cells (our unpublished results). Whether the 50-kDa protein represents a degradation product or alternative mRNA splicing-derived product of GW182 is unclear and awaits further investigation.
GW182 Is Phosphorylated
Throughout the GW182 protein there were multiple predicted serine-threonine and tyrosine phosphorylation sites. To determine whether the GW protein was phosphorylated, HeLa cells were labeled with [ 32 P]orthophosphate, and the cell extracts were immunoprecipitated using the index human serum ( Figure 5B) . A 180-kDa phosphorylated protein was immunoprecipitated with the index serum (lane 2), and normal human serum did not immunoprecipitate any phosphoproteins (lane 1). In contrast to the results obtained from 
GFP-tagged Expression of GW182
To determine whether GW182 is able to localize to GWBs, a green fluorescent protein (GFP) fusion construct pGFPGWaa313-1709 was prepared and transfected into HEp-2 cells as described in MATERIALS AND METHODS. The GFP vector showed both nuclear and cytoplasmic staining in transfected cells alone (our unpublished results). In contrast, the GFP-tagged partial protein of GW182 shows distinct cytoplasmic domains ( Figure 6A ) that are recognized and stained with the index human serum, as shown in Figure 6D . It is noted that different GWBs incorporated varying amounts of GFP-fusion protein relatively to endogenous GW182 detected by the index human serum (Figure 6 ).
Antibodies to Recombinant Protein Derived from Clone 5.1 Recognize GW Bodies
Rabbit antibodies to the recombinant protein encoded by clone 5.1 (rabbit anti-GW182p) were raised to verify that the GW182 resided in the cytoplasmic bodies observed with the index human serum (see below). To ensure that the rabbit antibodies did indeed recognize the protein product encoded by clone 5.1, in vitro transcription and translation (TNT) was used in IP with the index human serum and with rabbit antibodies to the recombinant protein ( Figure 7A ). The recombinant protein was immunoprecipitated by both the index human serum (lane 3) and the rabbit antiserum (lane 5) but not by the rabbit preimmune serum (lane 4) or the NHS (lane 6). The same IP specificity was observed with the in vitro-derived full-length GW182 protein, which migrated at ϳ180 kDa ( Figure 7B ).
The most striking feature of IIF using the index human serum was cytoplasmic bodies numbering from 0 in mitotic cells to 30 in some interphase cells ( Figure 8B ). In addition, finer cytoplasmic speckling was observed as well. IIF studies with the index human serum did not show any nuclear staining of HEp-2 cells. On average, ϳ20 -30 of the cytoplasmic bodies are clearly seen as larger bodies but higher magnification revealed polymorphic GWBs varying in size from ϳ0.2 to 1 m. The cytoplasmic staining observed with the immune rabbit serum was similar to that observed with the human serum, and in colocalization studies, the rabbit and the index human serum reacted with the same cytoplasmic domains (Figure 8) .
The observation that GWBs are distinct from endosomes, lysosomes, mitochondria, and vesicular elements of the Golgi complex is supported by immunogold electron microscopy (IEM; Figure 9 ). The structures postimmunolabeled with protein A-gold and anti-GW182 are granular, electron dense bodies that are devoid of membranous structures ( Figure 9 , A-C). This is distinct from multivesicular bodies ( Figure 9A ), mitochondria ( Figure 9 , A and D), and the Golgi complex ( Figure 9D ). No immunogold staining was seen with normal or preimmune serum or with immunogold in the absence of primary antibodies (our unpublished results). By comparison, antibodies to giantin bound to the Golgi membrane stack and vesicles in the lateral aspect of the membrane stack ( Figure 9D ). In addition, in agreement with size estimated by confocal microscopy, the immunogold-labeled GWBs vary in size from 100 to 200 nm (Figure 9 , A-C).
GW182 Binds to mRNA
Because GW182 contained an RRM, we questioned whether this protein could bind small RNA species that are targets of other autoimmune diseases. The prototype serum that immunoprecipitated GW182 did not immunoprecipitate tRNA, snRNA, or hYRNA (Figure 10 ). By contrast, human anti-Jo-1 (antihistidyl tRNA synthetase) precipitated tRNA, human anti-Sm serum precipitated U1, U2, U4, U5, and U6, human anti-U1 serum precipitated U1 RNA, human anti-SS-A/B precipitated hYRNA, and human anti-SS-A/Ro antibodies precipitated hY2/4 RNA ( Figure 10 ).
Although anti-GW182 did not immunoprecipitate tRNA, snRNA, or hYRNA, HeLa cell mRNA was recovered in IP pellets and was used to probe a 1200-probe set human cDNA array on which many candidate mRNA targets were identified (Figure 11 ). Table 2 identifies the genes that showed high levels (fold enrichment Ͼ 2) of reactivity with the mRNA immunoprecipitated by the prototype human anti-GW182. They included glycoprotein hormone alpha subunit precursor, 60S ribosomal protein L6 (RPL6), metalloproteinase inhibitor 1 precursor (TIMP1), activated RNA polymerase II transcriptional coactivator p15, cAMP-dependent transcription factor ATF-4, serum-and glucocorticoidregulated serine/threonine protein kinase (SGK), PTP-CAAX1 nuclear tyrosine phosphatase, and neuroleukin (NLK). Sequence analysis of these genes and their related mRNAs did not disclose any obvious common sequence motif in the translated or untranslated regions that might account for binding to GW182. The specificity of these reactions was confirmed and validated as illustrated before using normal human serum and sera from patients with systemic lupus erythematosus and paraneoplastic syndromes that react with proteins associated with known mRNAs (Tenenbaum et al., 2000; Brown et al., 2001) .
Northern Blot Analysis
Northern blot analysis using a human multiple tissue blot probed with the 1.4 kb labeled fragment derived from clone KIAA1460, showed highest expression in heart (Figure 12 ). In addition, expression of the GW182 gene was observed in all tissues suggesting that this protein is ubiquitously expressed. The actin control shows that mRNA loading is quite comparable among the lanes. IIF studies of a number of tissues and cell lines (HeLa, 3T3, MOLT-4, human chondrocyte and osteoblast, chicken fibroblast) suggest that GWBs are variably but widely expressed in species as well as tissues and cell types (our unpublished results). 
DISCUSSION
We have identified a novel protein that we have named GW182 because of its multiple glycine-tryptophan repeats found throughout the protein and the predicted and observed molecular mass of 182 kDa. By IIF, antibodies to native and recombinant GW182 appear to identify a cytoplasmic domain that we have tentatively named GWBs. The contention that GW182 resides in a distinct cytoplasmic domain is supported by the observation that antibodies to GW182 did not colocalize with markers of the Golgi complex, endosomes, lysosomes, or peroxisomes. Although there may appear to be a few overlaps with of some of these cytoplasmic markers, the overall IIF patterns observed with these markers and the IIF staining by the prototype human serum or rabbit anti-GW182p are clearly very different. Another possibility is that the GWBs might represent aggresomes or sites of protein degradation. However, our experiments using proteosome inhibitors or a target of the SCF ubiquitin ligase-mediated pathway for protein degradation suggests that GWBs are not aggresomes (Garcia-Mata et al., 1999; Johnston et al., 2000) . Last, the observation that GWBs are not colocalized to sites marked by anticlathrin suggests Note that the rabbit anti-GW182 serum also shows unrelated staining of centrioles (arrows) that is also evident in preimmune rabbit serum (our unpublished results). Bar, 10 m. Original magnification, ϫ600. that these bodies are probably not involved in clathrindependent vesicle transport (Hirst and Robinson, 1998) . These conclusions are supported by IEM data showing that anti-GW182 identifies a granular, electron-dense body in the cytoplasm of HeLa cells that is the same size as that identified by IIF and colocalization studies.
The data showing that the GW182 protein binds to several different mRNA species is quite intriguing. The lack of colocalization of GWBs with various known cytoplasmic organelles may not be surprising considering the interaction of GW182 with mRNA. Perhaps the GW182 protein is involved in stabilizing and/or regulating translation and/or storing mRNAs. Several mRNAs as members of mRNP complexes have been identified using antibodies to RNA proteins such as ELAV/Hu, elf-4E, and poly(A) binding proteins (Tenenbaum et al., 2000; Keene, 2001) . ELAV/Hu proteins are involved in stabilizing and/or regulating translation of early response gene transcripts expressed primarily in neurons (Keene, 1999; Brennan and Steitz, 2001 ). Analysis of the transcripts revealed some limited sequence similarity, suggesting that a common theme exists among these transcripts that allows recognition by ELAV/Hu proteins. Interestingly, ELAV/Hu proteins along with a fraction of polyadenylated mRNA have been observed in discrete clusters within the cytoplasm of medulloblastoma cells (Antic and Keene, 1998) . It is possible that transcripts may be clustered in vivo with similar fates and/or functions. For example, upon retinoic acid treatment of P19 cells to induce neuronal differentiation, the population of mRNAs identified in the ELAV/Hu protein complex changed; additional mRNAs with AU-rich elements known to be upregulated in neurons were found (Tenenbaum et al., 2000) .
At the present time, we have not identified common functional or structural features among the mRNAs that are immunoprecipitated by the anti-GW182 antibodies. Some of the proteins are known to be key components of the cell cycle, whereas others have no immediately apparent rela- tionship with one other. New approaches to elucidate unique structural features of mRNA are being developed and may shed light on the role of GW182 and related proteins. We are pursuing in situ hybridization using the mRNAs identified in this study and appropriate controls to determine if these mRNAs are located in GWBs.
In general the various functions of the cell are highly coordinated and regulated, and among these functions, gene transcription and translation are also highly regulated. The movement of mRNA transcripts into the cytoplasm and subsequent coordinated translation after appropriate endogenous or exogenous signals would necessarily involve highly sophisticated levels of control (Keene, 1999; Tenenbaum et al., 2000; Keene, 2001) . For example, some mRNAs may be required for rapid protein production and may be stored or protected from degradation. Because the cytoplas- Figure 11 . Identification of mRNAs associated with GW182-mRNP complexes using cDNA microarray analysis. As described in MATE-RIALS AND METHODS, RNA was extracted from immunoprecipitated GW182-mRNPs or total cell lysate and used to make reversetranscribed radiolabeled probes for Atlas Human 1.2 Arrays containing 1188 singly spotted cDNA segments (CLONTECH). Phosphorimages were scanned and stored as gel files and then analyzed using ATLASIMAGE 1.01 software (CLONTECH). A default external background setting was used in conjunction with a background-based signal threshold to determine gene signal significance. Comparison of cDNA array images was performed using an average of all of the gene signals on the array (global normalization) to normalize the signal intensity between arrays. Messenger RNAs associated with GW182-mRNP complexes were considered significant if they were twofold or greater enriched over total cellular RNA. (A) Total cellular RNA; (B) mRNAs associated with GW182-mRNP complexes; (C) computer-generated overlay comparison of representative arrays A and B. Red bars represent species of mRNAs that were enriched twofold or greater as compared with total cellular RNA (genes listed in Table 2 ). Green bars indicate mRNAs that were present on one or both of the arrays but were not enriched at least twofold. mic domains observed by IIF using the index human sera and rabbit anti-GW182 antibody failed to colocalize with markers of several cytoplasmic organelles and because of our observation that specific mRNAs are bound by GW182, it seems reasonable to conclude that GW182 is involved in mRNA expression and that this occurs in a defined cytoplasmic domain that we identify as GWBs. It might also be that GW182 is involved in degradation of mRNA but GWBs do not colocalize with the SCF ubiquitin ligase-mediated pathway for protein degradation. Along these lines of discussion, the GWBs described in this study may be related to mRNA-associated particles described in other systems, particularly neuronal cells (Triedge et al., 1991; Miyashiro et al., 1994; Knowles et al., 1996; Martone et al., 1996; Gazzaley et al., 1997; Racca et al., 1997; Bassell et al., 1998; Steward et al., 1998) . In oligodendrocytes, injected fluorescent-labeled myelin basic protein mRNA localized to granules that had a radius of 0.6 -0.8 m, contained elongation factors, rRNA and other mRNAs. It was concluded that these granules may represent supramolecular complexes of a translational unit (Barbarese et al., 1995; Ainger et al., 1997) . These observations are consistent with the size of HeLa and HEp-2 cell granules observed in our study and suggest that GW182 marks a subset of these cytoplasmic bodies that contain a distinct subset of mRNAs. RNA granules containing mRNAs have also been described in fibroblasts (Ross et al., 1997) and mast cells (Dvorak and Morgan, 2000; Dvorak and Morgan, 2001) . In other organisms, similar observations have been made for the 3Ј UTR of ASH1 mRNA in budding yeast (Hazelrigg, 1998) and the bcd and PROSPERO mRNA in Drosophila oocytes (Wang and Hazelrigg, 1994; Oleynikov and Singer, 1998; Bassell and Oleynikov, 1999) . In studies of fibroblasts, the ␤-actin mRNA is localized at the leading edge of the cell, and the 3ЈUTR binds a protein called zipcode-binding protein 1 (ZBP-1; Ross et al., 1997) . GW182 does not have significant sequence similarity to ZBP-1, but they both have a RRM and NLS in common. Although the putative NLS motif suggests that ZBP-1 and GW182 proteins may be able to enter the nucleus, both proteins are predominantly found in the cytoplasm. In the case of GW182, the evidence showed that cytoplasmic staining was observed using both the index human serum and the rabbit antibodies to the GW182 recombinant protein. In addition, the partial protein of GW182 tagged with GFP was localized to the cytoplasm, specifically to GWBs, and no expression was detected in the nucleus. Last, no differences were observed in the IIF staining pattern with formaldehyde or other fixation was used (our unpublished data compared methanol/acetone fixation with paraformaldehyde/Triton X-100 fixation). Interestingly, HuB, HuC, and HuD isoforms are mainly cytoplasmic in neurons with a small amount of protein observed with the nucleus as well (Gao and Keene, 1996) . Therefore, we believe that the potential NLS motif may either be nonfunctional or is blocked in cells grown under our conditions and requires a stimulus.
It is likely that GW182 protein is one member of a family of proteins residing in GWBs. As observed with many organelles and vesicles in the cell, it is simplistic to think that one protein comprises these complex structures. It is possible that more than one alternatively spliced protein product from the GW gene may reside in GWBs. First, the existence of two EST clones missing exon 10 (accession nos. BF169182 and W80996, from mouse and human, respectively) supports this possibility (Table 1) . Second, IP of extracts from radiolabeled HeLa cells by the index human serum reveals the presence of two proteins of 180 and 50 kDa. This could either be due to cross-reactivity or the association of these two proteins in a complex. We are currently pursuing isolating other proteins that are associated with GWBs.
Considering the sequence characteristics of GW182, it is not surprising that we were able to show that GW182 is likely a phosphoprotein. GWBs are heterogeneous in size and vary in number in individual cells. The variation in size and number may be related to the physiological state of the cell and the stage of the cell cycle. Detailed studies are currently underway to confirm this preliminary observation.
The significance of the GW repeats in GW182 is unclear. Although ESTs that contain this motif are in the database, to date no other mammalian proteins with this motif have been reported. A clue to the function of GW repeats may come from studies of bacteria such as Listeria monocytogenes, Staphylococcus caprae, and Erysipelothrix rhusiopathiae, where it has been suggested that proteins bearing these repeats play an important role in anchoring bacterial proteins to the surface of the cell (Makino et al., 1998) and anchoring bacteria to target cells (Braun et al., 1997; Milohanic et al., 2001) . The mode of binding is not clearly understood, but is thought to occur via interaction with lipoteichoic acid or with specific cell surface proteins. For example, the protein internalin B (InIB) produced by L. monocytogenes, is a key protein in promoting adherence and entry of the bacteria to host cells during infection. InIB has a C-terminal cell wall-anchoring domain containing 80-amino-acid GW repeats (Braun et al., 1997) . Deletion of this domain impaired adherence to host cells, whereas addition of GW repeats improved the binding to the cell surface. Similarly, the autolysin Ami in L. monocytogenes contains a N-terminal catalytic domain and a Cterminal domain that is homologous to the GW domain in InIB but contains 8 GW modules arranged in tandem (Braun et al., 1997; Milohanic et al., 2001) . Similar six to eight tandem repeat motifs have been described in the S. caprae atlC gene product (Alligent et al., 2001 ) and the surface protective antigen (SpaA) of E. rhusiopathiae (Makino et al., 1998) . Of interest, the 6 GW repeats in S. caprae occur in the fibronectin-binding domain of the atlC protein. This may have relevance to the GW182 protein in mammalian cells that might Figure 12 . Northern blot analysis of GW182 mRNA. The order of polyAϩ RNA from human tissues was as follows (lanes 1-8): heart, whole brain, placenta, lung, liver, skeletal muscle, kidney, and pancreas. The membrane was probed with a ClaI/EcoRI fragment from the clone KIAA1460 (top panel) and reprobed using actin ␤-actin cDNA (bottom panel).
Cytoplasmic mRNA Binding Protein GW182 Vol. 13, April 2002 bind to cytoskeletal elements to promote stabilization or movement of certain RNA species to their physiological target. The role of GW182 in binding or adherence of RNA or other proteins to cytoskeletal components or membrane moieties requires further study.
Summary
We have identified a novel protein GW182 that contains multiple glycine/tryptophan repeats and a classical RNAbinding domain at the C terminus. GW182 appears to react with a subset of mRNAs and localizes to cytoplasmic domains that do not belong to any of the known conventional organelles in the cytoplasm. Hence, we tentatively identified the cytoplasmic domain marked by antibodies directed against GW182 as GW bodies or GWBs.
